We describe a genetic β-galactoside reporter system using a disk diffusion assay on MacConkey Lactose agar petri plates to monitor maintenance of the bacteriophage λ prophage state and viral induction in Escherichia coli K-12. Evidence is presented that the phage λ major lytic promoters, pL and pR, are activated when cells containing the reporters are exposed to the energy poison carbonyl cyanide m-chlorophenyl hydrazine, CCCP. This uncoupler of oxidative phosphorylation inhibits ATP synthesis by collapsing the proton motive force. Expression of the λ lytic promoters in response to CCCP requires host RecA function and an autocleavable CI repressor, as does SOS induction of the λ prophage that occurs by a DNA damage-dependent pathway. λ Cro function is required for CCCP-mediated activation of the λ lytic promoters. CCCP does not induce an sfi-lacZ SOS reporter.
INTRODUCTION
The bacterial virus λ and its host Escherichia coli have been powerful microbial model systems for more than 50 years. Much of what we know about molecular biology and genetics was established using these two organisms. λ is a temperate virus, and can either undergo a lytic cycle, forming new viral particles and lysing its host, or become latent, coexisting with the bacteria as a prophage (for reviews, see Echols 1986; Oppenheim et al. 2005) . During lysogeny, most viral functions are repressed by dimers of the phage CI repressor binding cooperatively to operator sites oL1 and oL2 and oR1 and oL2 of the lytic promoters pL and pR, respectively, blocking expression of lytic functions (Ptashne and Hopkins 1968) . At high CI concentrations, CI dimers bound to both the left and right operator sites interact and mediate DNA looping, further enhancing repression of the lytic promoters (Dodd, Shearwin and Egan 2005) . CI repressor is made from the pRM operon and regulates its own synthesis both positively and negatively (Meyer, Kleid and Ptashne 1975; Reichardt 1975) .
When the E. coli cell experiences DNA damage, singlestranded DNA (ssDNA) is formed in consequence. Host RecA protein binds this ssDNA, forming a RecA-ssDNA filament known as activated RecA. Activated RecA acts as a coprotease to mediate autocleavage of CI repressor Roberts, Roberts and Craig 1975) , causing the λ prophage to induce in response to DNA damage. Once phage lytic functions are expressed, λ Cro protein binds to oR3, repressing pRM and blocking further production of CI repressor (Eisen et al. 1970; Svenningsen et al. 2005) . Together CI and Cro form a bistable epigenetic switch (Echols 1986; Oppenheim et al. 2005) . Activated RecA protein also induces the host SOS DNA damage response by promoting autocleavage of the LexA repressor (Little et al. 1980) , which is analogous to CI and controls 40-50 genes involved in DNA repair (Radman 1975; Little and Mount 1982) . Unlike the λ system, the SOS response has no Cro analog. ATP synthesis during respiration is coupled to an electrochemical gradient across the inner cytoplasmic membrane (Mitchell 1961; Nobel Prize in Chemistry 2014) . During electron transport, protons (H + ) are pumped out of the cytoplasm, and the FoF1 ATP synthase couples the spontaneous flow of these protons back across the membrane to ATP production. Proton motive force (PMF) is the potential energy formed from proton and electrical gradients across the membrane and can be used to perform cellular work. The uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP) inhibits oxidative phosphorylation by collapsing the proton gradient (Mitchell 2011) . CCCP is an anion and can bind a proton, but has a delocalized negative charge that allows it to cross the lipid bilayer in the unprotonated form, unlike weak acids, which cross the hydrophobic membrane only when protonated. One molecule of CCCP can transport many protons across the inner membrane, making it a potent uncoupler. Here we describe a genetic reporter system to monitor maintenance of the λ prophage state and viral induction, and present evidence that the major leftward and rightward lytic promoters of the λ prophage are activated when cells are exposed to the energy poison CCCP.
MATERIALS AND METHODS

Bacteria
Essential elements of E. coli K-12 strains used are described in Table 1 . All strains are MG1655 or W3110 derivatives. Recombineering (Sawitzke et al. 2007; Thomason et al. 2014 ) was used to modify lacZ reporters described in Svenningsen et al. (2005) . P1 transduction (Thomason, Costantino and Court 2007) was used to move alleles linked to drug markers. Strain constructions are described in the Supplementary Information.
Chemicals and supplies
CCCP (C2759) and Mitomycin C (M0503) were from SigmaAldrich. CCCP was suspended in 100% dimethyl sulfoxide (DMSO) at 100 mM and used directly; Mitomycin C was suspended at 2 mg ml −1 in 50% methanol and used directly. Filter paper disks were from Whatman (GE Healthcare), CAT No. 2017-006.
Disk diffusion assays
Bacterial strains were propagated on LB broth or agar (1.5%) containing, per liter, 10 g tryptone, 5 g yeast extract and 5 g NaCl. Lawns were poured on MacConkey Lactose plates, which are buffered at pH 7.1, using 0.25 ml of fresh overnight culture mixed with 3 ml tryptone top agar (0.7% agar) containing 10 g tryptone and 5 g NaCl. After the agar hardened, a 6 mm filter paper disk was placed at the center of the lawn and 8 μl CCCP or Mitomycin C was applied to the filter. Plates were incubated upright overnight at 34
• C unless otherwise indicated, and scored the next day. The filter paper disk appears as a dark spot at the center of the petri plates in the photographs. The red rings formed on the MacConkey Lactose agar are due to activation of the lacZ reporter and consequent lactose fermentation by β-galactosidase. Lactose utilization causes a drop in pH from neutral to 6.8 or below, which is detected by a pH indicator in the medium. Each strain was tested a minimum of three times, and results are reproducible. Control plating confirmed that the solvents used for the drugs do not induce the reporters (not shown).
RESULTS
Experimental design.
To ask whether inhibition of PMF affects λ prophage induction, we used a disk diffusion assay and strains containing various lacZ reporters to monitor expression of the λ major leftward and rightward lytic promoters, pL and pR (Fig. 1) . The pL N-lacZ reporter is located at the λ attachment site, att, while the pR cro-and cII-lacZ reporters are located at the E. coli lac operon (Svenningsen et al. 2005) . All reporters contain the λ pRM operon and left and right operator sites; some derivatives also contain the cro gene beyond pR. The reporters also contain different configurations of two commonly used λ cI repressor gene mutations. The cI857 allele renders the repressor temperature-sensitive at temperatures above 37 results, while at sublethal concentrations the cells respond to the drug. Expression of the lytic promoters is monitored by β-galactosidase production and lactose utilization, as indicated by the red rings caused by lacZ expression (Figs 2-5).
CCCP induces the λ lytic reporters but not SOS reporters. Both Mitomycin C and CCCP cause cell death at high concentrations, and the λ reporters pL N-lacZ (AP3418) and pR cII-lacZ (LT1657) are induced by both drugs ( Fig. 2A-D) . Most known inducers of the λ prophage are DNA damaging agents, and Mitomycin C induces the SOS reporter sfi-lacZ in LT1610 (Li et al. 2013) , as expected (Fig. 2E) . However, somewhat to our surprise, CCCP did not induce the SOS reporter (LT1610) (Fig. 2F) . To rule out the possibility that wild-type sfi function is needed for an SOS response to CCCP, a plasmid-borne SOS reporter p-dinB-lacZ (Galhardo et al. 2009) reporter was tested in an sfi + background (LT1901). The dinB-lacZ reporter gave a faint response to CCCP in this assay ( Fig. 2G and H ), but since dinB is induced by cell envelope stress (Pérez-Capilla et al. 2005) independently of recA and lexA, this result is not definitive for SOS induction. CCCP induction of the λ pR cII-lacZ reporter requires RecA and cleavable CI repressor. Wild-type RecA protein is required for λ prophage induction in response to DNA damage, and as expected, a recA mutant strain containing the λ pR cII-lacZ reporter, LT1899, does not respond to Mitomycin C (Fig. 3A) . The ind1 allele of λ cI repressor renders it uncleavable by RecA coprotease, and a cI ind1 derivative of the λ pR cII-lacZ reporter in a recA + background, LT1658, does not induce when challenged with Mitomycin C (Fig. 3B) ; this result is also expected. When LT1899 and LT1658 were challenged with the energy poison CCCP (Fig. 3C  and D) , neither reporter induced in response to the uncoupler. These results demonstrate that CCCP-mediated induction of the λ lytic promoters proceeds by a RecA-dependent pathway of CI autocleavage, as does Mitomycin C induction.
On the role of λ Cro. The pR cII-lacZ reporter in LT1657 ( Fig. 2C  and D) has a cI + repressor allele and an intact cro gene. An otherwise isogenic cI + ind + pR cro-lacZ reporter that is deleted for the cro gene (LT951) shows a diminished response to Mitomycin C (Fig 3E) , and does not respond to CCCP (Fig 3F) . Cro protein binds to the oR3 operator site and reduces expression of cI from the pRM promoter. Without Cro, CI protein can be expressed from pRM and further activate its own synthesis, eventually repressing the lytic promoters again. Our results provide additional ev- 
B). LT1657, the Cro + pR cII-lacZ reporter, with MMC (C) and CCCP (D). LT1610, the chromosomal SOS reporter sfi-lacZ with MMC (E) and CCCP (F). LT1901, MG1655 lacZ<>hygro [pdinB-lacZ] with MMC (G) and CCCP (H).
idence for the importance of λ Cro in the transition from lysogenic to lytic growth (Shubert et al. 2007) . They also suggest that CCCP-mediated induction is less robust than that mediated by Mitomycin C, since Cro function is required to observe activation of the λ lytic promoters by CCCP but not by Mitomycin C. The exception to the requirement for Cro is AP3418, where the temperature-sensitive CI857 protein cannot reestablish tight repression of pL at 37
• C, allowing activation of the pL N-lacZ reporter in response to CCCP despite the absence of Cro (Fig. 2B) . CCCP induction does not require λ rex functions. The λ reporters also express the phage rexA and rexB genes from the pRM promoter. Since it has been suggested that the Rex functions can impact PMF (Parma et al. 1992) , we asked whether CCCP activates the cI + ind + pR-lacZ when the rex genes are absent. As can been seen in Fig. 4 , the rexAB<>cat pR-cII-lacZ reporter (LT1663) which responds well to Mitomycin C (A) also responds to CCCP (B), thus Rex functions are unnecessary for CCCP-mediated activation of the λ pR lytic promoter.
Preventing SOS does not prevent induction of the λ pR-lacZ reporter when challenged with either drug.
A lexA uncleavable allele, lexA3 ind − , encodes a LexA repressor insensitive to activated RecA protease, thus prevents the host SOS DNA damage response. Addition of the lexA3 mutation to the λ pR-lacZ reporter strain makes cells extremely sensitive to killing by Mitomycin C, but this uninducible lexA mutation does not prevent the λ cI + ind + pR-lacZ reporter from responding to either drug ( Fig. 4C and D) . This observation is consistent with λ prophage induction being independent and distinct from LexA-mediated induction of SOS functions, other than the initial requirement for RecA-mediated CI autocleavage. A mutation in recBCD does not prevent CCCP-mediated induction of the λ pR promoter. Mutations in the recBCD genes modulate the cellular response to DNA damage. The RecBCD exonuclease initiates digestion from double-strand breaks in the DNA, giving rise to ssDNA, to which RecA protein binds, forming activated RecA. A recBD<>amp mutation was introduced into LT1657, to make strain LT1923. This mutant is more sensitive to both Mitomycin C and CCCP ( Fig. 5A and B) . The response of the λ cI + ind + pR-lacZ reporter to CCCP is delayed in the recBD background, but after 2 days it shows strong induction (Fig. 5B ). This reporter responds to Mitomycin C after 1 day of incubation. The SOS reporter in the recBC<>amp background, LT1926 (Fig. 5C ), induces in response to Mitomycin C but not to CCCP (Fig. 5D) .
DISCUSSION
Our observations demonstrate that the phage λ lytic promoters, pL and pR, are activated in response to the uncoupler CCCP, and suggest that the λ prophage may begin to induce when lysogens are exposed to this energy poison, which reduces membrane potential and ATP synthesis. λ Cro protein is required for activation of the λ lytic promoters in response to CCCP, presumably to bind to oR3 and lock the prophage in the lytic configuration, preventing the return of CI repression of the lytic promoters. Host RecA function is also required, and as expected from the RecA requirement, a cleavable cI repressor allele is necessary. In the case of Mitomycin C, RecA is activated by binding single-stranded DNA, and induces autocleavage of CI repressor in response to DNA damage. We do not yet know whether CCCP exposure causes DNA damage or leads to the formation of ssDNA in the cell. We are unable to detect a response to CCCP with our sfi-lacZ SOS reporter using this assay, and the dinB-lacZ response to CCCP is extremely weak. This may be because the CCCP effect is transitory and the SOS reporters have no activity analogous to Cro to maintain activation for a prolonged period. The increased sensitivity and delayed induction of the recBD mutant pR-lacZ reporter in response to CCCP suggests a possibility that double-strand breaks may be formed. However, the recBD mutant reporter eventually showed strong induction (Fig 5B) , and recBD cells are sick and grow slowly, so a delayed response to CCCP may be expected. If double-strand breaks do form in response to CCCP, processing them to form ssDNA in the recBD background would require additional E. coli function(s), such as a helicase. Evidence that CCCP can cause DNA damage in E. coli is provided by the isolation of multicopy suppressor plasmid containing recG from bacteria challenged to grow in the presence of the drug (Steiner and Sauer 2003) . The RecG helicase is involved in DNA repair, and it has been suggested that RecG plays a special role in preventing aberrant DNA replication (Rudolph et al. 2010) . Perhaps for CCCP-mediated DNA damage, the activated RecA filament preferentially promotes autocleavage of λ repressor. CCCP microarray data for E. coli (Polen et al. 2003 , V. F. Wendisch pers. comm.) do not show induction of the SOS regulon, suggesting that LexA repressor does not undergo autocleavage under conditions caused by CCCP. Association of the activated RecA filament with the surface of the cytoplasmic membrane is necessary for a robust SOS response (Rajendram et al. 2015) , and perhaps an energized membrane, lacking in CCCP-treated cells, is necessary for that association. Arguing against the hypothesis that CCCP causes DNA damage, no nuclear or mitochondria DNA damage was detected in CCCP-treated Hela cells (Koczor et al. 2009 ). Our lexA3 data are also inconsistent with CCCP mediating DNA damage: the lexA3 mutant cannot activate SOS, so is extremely sensitive to DNAdamaging agents, as evidenced by the large killing zone observed when challenged with Mitomycin C (compare Fig. 4C with Fig. 2A and C) , but the killing zone for CCCP-challenged lexA3 cells is no larger than that observed for a lexA + strain (compare Fig. 4D with Fig. 2B and D ). An alternative interpretation of the data is that the prophage does not induce in response to DNA damage caused by the uncoupler CCCP, but that E. coli and λ detect and respond to the stress of an energy poison and loss of PMF by a novel RecA-dependent pathway. Although the major λ lytic promoters are activated when PMF is perturbed, we have not thus far observed phage release from intact λ lysogens in response to CCCP. CCCP is a potent energy poison with a steep dose response curve, as evidenced by the narrow CCCP induction zone (see Fig. 2B and D) . Phage production is an energy intensive process, so conditions for phage release would necessitate only a partial impairment of the energetic processes impacted by CCCP.
Our observations may not be limited to λ; perturbation of the proton gradient and energy synthesis may affect initiation of lytic growth for other temperate prophages. A phoP mutant of a pathogenic E. coli has a hyperpolarized cytoplasmic membrane, and higher levels of its endogenous temperate phage are released into the supernatant (Alteri et al. 2011) . The proton gradient can be partially dissipated by weak acids such as acetate, which cross the membrane only when protonated (Polen et al. 2003; Steiner and Sauer 2003) . The cell balances accumulation of the anion in the cytoplasm with loss of PMF. In an early study (Borek, Rockenbach and Ryan 1956) , acetate and other products of pyruvate metabolism were found to promote survival of lysogenic cells following UV irradiation, i.e. suppress prophage induction. Portions of the human intestine are acidic, so modulation of prophage induction by weak acids could affect release of phage toxins and virulence factors within the gut.
